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/A

ABSTRACT ". - •

The purpose of this report is to present and describeftethods
which may be' used to define rocket exhaust flow fields, launch tube
internal pressure profiles, recoil forces, and effects on missile
launch due to launcher-missile interactions.

To this end, 'computer programs have been written which will
calculate relevant tata for input into other programs giving plots
of the stagnation pressure and temperature profiles in a given rocket
exhaust field. A program har-b•enwritten which will give a ploZ of
internal tube pressure at the rocket nozzle exit plane as a function
of missile •tFavel. A method for estimating recoil is explained and
a programhaiý-been developed which simulates the launcher in the
pitch plane for use in determining the launcher and missile motions
in this plane and the effects on the missile of thrust misalignment and
center of gravity offsets.
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Section I. IN'TRODUCTION

The object of this task is to provide parameters and information
relevant to the reduction in weight of shoulder fired rocket launchers
to a mii~imum value consistent with the maintenance of required system
performance.

The scope of this effort encompasses the following: (1) Prepara-
tion of computer programs to define the stagnation pressure and tempera-
ture profiles in the exhaust field of a rocket, (2) Develop a method
for predicting the internal pressure in a launch tube during launch,
(3) Discussion of means for estimating recoil forces, and (4) Establish
a computer simulation program for predicting' laur~cher effects on aiming

and launching of the missile.
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Section II. EXHAUST FLOW FIELD DEFINITION

2.1 Introduction

The overall purpose of the rocket exhaust flow field program is
to provide, given all necessary data for a rocket, a visual representa-
tion of the stagnation pressure and stagnation temperature profiles
in the rocket exhaust. Several programs are provided which calculate
input data needed by the temperature and pressure programs.

The equations and methods upon which these programs are based
are to be found in the references listed in the reference section. Each
program will be shown listed on programming forms with input data
shown in the appropriate registers and output values block~ed in with
dashed lines. A description will be given with each program giving
its purpose, inputs, outputs and equations.

The machine for which these programs are written is.the Hewlett-
Packard 9100B with associated Plotter and Extended Memory units.

2.2 Symbol Definitions.

a - Region I Boundary Coefficient
b - Region I Boundary Coefficient
c - Region I Boundary Coefficient
De - Nozzle Exit Diameter (inches)
Dt - Nozzle Throat Diameter (inches)
Ir - Intercept of Linear Spreading Characteristic Curve.
It - Intercept of Axial Temperature Decay Curve
K - Ratio of snecific heats of exhaust products
is - Length of Supersonic Cone in Exhaust Flow (inches)

Mb - Maximum Mach Number at End of Region I
Me - Exit Mach Number

mp Slope of Axial Pressure Decay Curve
mt - Slope of Axial Temperature Decay Curve

PC - Nominal Design Chamber.Pressure (PSIA)
q - Value of Isobar to be Plotted

qe - Gage Stagnation Pressure at Nozzle Exit (PSIG)
qms Gage stagnation pressure on axis at end of supersonic

cone (PSIG)
qmSax - Maximum value of pressure parameter for plot,(PSIG)

max
r- Exhaust Plume Radius at End of Region I
Skx - Plot Scale Factor for X-Axis
SFY - Plot Scale Factor for Y - Axis
T . Value of isotherm to be plotted (OF)
T - AmbientTemperature (OF)

Tc - Flame Temperature of Propellant (OF)
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Tmax Maximum value of temperature parameter for plot (OF)

Xmax Maximum value of distance parameter for plot

4X - Plot increment distance

- Nozzle expansion half angle (radians)

2.3 Exit Mach Number and Intercept of the Linear-Spreading Characteristic
Curve

2.3.1 Purpose

To zalculate the Mach Number of the Exhaust Flow at the nozzle
exit plane, and to dete'rmine the value of the linear spreading
characteristic curve intercept. This last parameter is necessary in
the generation of the Exhaust Pressure Plume Plot.

2.3.2 Inputs

De, Dt, K

2..3.3 Outputs

Me, Ir

2.3.4 Equations

K+I
At _ Dt2  K+l 2(1-1)

Ae De-2  . + (K-1)"Me 2

This equation is solved iteratively for Me.

Ir = 0.15489201 Me3 - 2.2941041 Me2 + 10.612059 Me- 4 .0070141, (Ref 3)

• $ 2.3.5 Description

After program is entered the values of K, Dt, De are entered
in the Z, Y. X registers respectively. Press Continue and the value
for Me will be displaycd in the X, Y, Z registers. Press Continue
twice and the value for Ir will be displayed in the X, Y, Z registers.

3
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2.4 Axial Temperature Decay Curve (with Plot)

2.4.1 Purpo e

To generate values for the slope and intercept of the Axial
Temperature Decay Curve.

2.4.2 Inputs

Me, De, Tc, Xmax, Tmax
The values for Xmax and Tmax should be for a 6 in. by 9 in. plot.

2.4.3 Outputs

Mt, It
"N Plot of stagnation temperature on axis vs distance duwns;tream

on the axis.

2.4.4 Equations

-mt = .020042599Me 3 
- .24382049Me 2 + 1.0618553Me + .111699-3 (Ref 3).

It 6.36 Me - 2.874 (Ref 3).

2.4.5 Description

After program hag been entered, the values of Me, De, Tc are
entered in the Z, Y, X registers respectively. Press Continue and. the
value for Mt will be displayed in the Y register, value of It in the
X register. Press Continue, then enter values for Tmax and Xmax in,
Y and X registers respectively for a 6 in. by 9 in. Plot. Press

Continue for Plot.
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2.5 Axial Pressure Decay Curve (with Plot)

2.5.1 Purpose

To generate values for the slope of the Axial Pressure Decay
Curve and the 'length of the supersonic cone in the exhaust flow.

2.5.2 Inputs

Me, De, Pc, K, Xmax, qmsmax
The dimensions of De should be in feet."Values of Xmax and qmSmax should be for' a 6 in. by 9 in. Plot.

2L5.3 outputs

1 S, rap q e, qms

2.5.4 Equations

1 L = 16.113Me - 16.125 (Ref 3)
mp = -. 4 516 6 7Me - 1.375 (RAf 3)

a IK,_l ) K KIqms = 14.7 -l 2 2 - K 1] (Ref 3)

ae [,I m I 2K 2 VK;-I_ 14. (Ref 3)
q PC 1+ K-1 Me 2 K+1 Me

2.5.5 Description

After program is entered, the values of Me, De, P are entered
in the Z, Y, X registers respectively. Press Continue, the value for
1s'in feet will be displayed in the Z register, is in inches in the Y

regitter, mp in the X register. Press Continue, enter value of K in
X register, press Continue. The value for qms will be displayed in
the Z register.(qm/'qe)s in the Y, qe in the X. Press Continue,
then enter qms in Y register, Xmax in X register for a six inch
by nine inch Plot. Press Continue for Plot.
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2.6 Boundary Coefficients (Region I)

2.6.1 Purpose

To generate coefficient values which determine the extent of the
supersonic exhaust flow region (Region I).

2.6.2 Inputs

Me, De, Dt, Pc, K, Ge

2.6.3 Outputs

as b, C, Mib, rI

2.6.4 Equations

a = r - re sec w (Ref

1 - sec w

b Tan w (re - a) (Ref 1)

c= [(r~e- a)2+ 7b] (Ref I)

14.7 (Ref 1)

2K+l

Dt2 M2 (K-i 4(K-1) (Ref' 1)

2.6.5 Description

After program is entered, values for Me, De, Dt are entered in
Z, Y, X registers respectively. Press Continue, then enter Pc, K, Ge
in Z, Y, X registers respectively. Press Continue, and values for a,
b, c will be displayed in the Z, Y, X registers respectively.
Press Continue, values for Mb, rl will appear in Y, X registers
respec tive ly.

.14
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2.7 Nozzle Placement

2.7.1 Purpose

To generate a representation of a nozzle as a visual aid when
plotting pressure fields in the exhaust.

2.7.2 Inputs

0es De, Dt, SFx, SFy

Ge should be in degrees.

2.7.3 Outputs

Plot of nozzle

2.7.4 Description

After program is entered, enter ge, De, Dt, in Z, Y, X registers.
Press Continue, enter SFy, SFx in Y, X registers. Press Continue
to generate plot of nozzle.
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.2.8 Boundary Plot (Region I)

.2.8.1 Purpose

To generate a plot showing the extent of Region I in the rocket
exhaust flow field.

2.8.2 Inputs

a. b, c, .x, SFx, SFy b

A good value for 4x is 50.

2.8.3 Outputs

Plot showing the exhaust plume boundary in the supersonic
region (Region I).

2.8.4 Equations

C2 = (r-a)2 + kx-b) 2  (Ref I)

2.8.5 Description

After program is entered, values for a, b, c are entered in the
Z, Y, X registers. Press Continue, then enter Ax, SFY, SFx in the
Z, Y, X registers. Press Continue' and a plot of the Region I Boundary
will be generated.
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2.9 Pressure Plume Plot (Region II)

2.9.1 Purpose

To generate the, isobar plots in the mixing region (Region II).

2.9.2 Inputs

Ir, b, De, is, rl, &x, SFx, SFy, Imp , q ms q

2.9.3 Outputs

Isobar plots for Region II of the exhaust flow.

2.9.4 Equajions

Ax= ls - b).02 + 1 (I0- 6 )

1

r = rs + re Ir .35 in qe2(xb

where 'qj Lq ! is \q ms

• r +e B D " i 1 6F x / D e ) q 1 . 1 6

= rI +Nre F. (/e)| - Nre

L r LIr

Nr' 1r

ri 1 11.16 /l]1.16

2.9.5 Description

After program is entered, enter Ir, b, De in Z,, Y, X registers.
Press Continue, enter is, rl, 4x in Z, Y, X registers. Press
Continue, enter SFY, SFx, in Y, X registers. Press Continue, enter
Impl, qms, qi in Z, Y, X registers.. Press Continue to generate plct
of qi" After each isobar is plotted, enter value for next qi in X
register and press Continue.
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2.10 Pressure Plume Plot (Region III)

2.10.1 Purpose

To generate a plot of isobars in the subsonic exhaust flow
region (Region III).

.10.2 Inputs

It, q e) De, m, P)is, Xmax, ra' q, qms

Values of Xmax and rmax should be for a five inch, by fifteen
inch plot.

2.10.3 Outputs

Isobar plots for downstream distances versus radial distances
from center of nozzle exit.

2.10.4 Equations

r° =reFL(x/De)•'6I

sImpi

1/2

Sr = ro 1'. 35,

2.10.5 Description

After program is entered, Ir, q e, De are entered in Z, Y, X
registers respectively. Press Continue, then enter nip, Is, qms in
Z, Y, X registers respectively. Press Continue, then enter values of
Xma€ and rmax for a five inch by fifteen inch plot. Press Continue,
the,'i enter in X register value of first isobar to be plotted. Press
Continue for plot. Upon completion of plot, enter next isobar'value
and press Continue for plot.
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2.11 Calculation and Plot of Isotherms in Exhaust Field' (Region II)

2.11.1 Purpose

To calculate and plot isotherms in the mixing region from the
supersonic cone outwards.

2.11.2 Inputs

Del Ir, is, It, mt, Te, SFx, SFy, Ta, Ax, X, T

2.11.J Outputs

Txs - stagnation temperature on axis at end of supersonic cone.

Isotherms will be plotted on a radial versus axial distance
scale.

2.11.4 Equations

..- ~ mt* T TOi I +

Txs (Tc Ta)j +Ta

(X(/Dl) s 1.16

jIr J rI (De

2.11.5 Description

This p 'ogram is composed of five'subprograms, Po -P4

which are er,te-ed into the Extended Memory Unit. The Printer should
be on with the Y button depressed. After program is entered make all
inputs as showi for Po. Press Continue and a value will be printed
for T~s. Enter this value as shown for P2 and the outline of the
supersonic cona will be plotted. After each isotherm is plotted enter
the value of tde next isotherm to be plotted. These values must be
less than TX*s. The curves will be drawn for the positive *radius only.
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2. 12 Calculation and Plot of Isotherms in Exhaust Field (Region III)

2.12.1 Purpose

To calculate and plot isotherms in a rocket exhaust flow field
in the region downstream of the end of the supersonic cone.

2.12.2 Inputs

De, Ir, is, It, mt, Tc, SFx, S~y, Ax, X, Ta, T

2.12.3 Outputs

Isotherms will be plotted on a radial versus axial distance
scale.

2.12.4 Equations

T. L "2Ho iTc- TaL . Ta}

r = ~~j1.16r De6e

2.12.5 Description

After program is entered, all necessary inputs are made as
indicated on program forms. For T, enter value of is-therm desired.
After it is plotted enter next value of T and continL, this procedure

until plot is completed.
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Section III. TUBE PRESSURE PROFILE AND RECOIL PREDICTION

3.1 Tube Pres Isure as a Function of-Length

3.1.1 Discussion of Program

A method was developed whereby the pressure inside a launch
tube due to missile exhaust gases could be predicted as a function of
missile travel. The procedure used is discussed i-n the following.

A close fit was assumed between the missile motor nozzle and
the -walls of the launch tube, with no space available to allow the
exhaust gases to expand around the nozzle rim in a forward direction.
The pressure on the launch tube walls was thus assumed to be due to
the component of exhaust gas flow parallel to the nozzle wall exerting'
a force on the launch tube walls. This program gives the pressure on
the launch tube at the location of the rocket nozzle exit plane at the'
time the exit plane passes each given location.

This procedure does not account for shock wave buildup in the
tube behind the nozzle nor for any effects attributable to'them.
This would be a consideration for future effort combining theoretical
and test results.

3.1.2 Results and Discussion of Accuracy

The program as written will provide a prediction of tube pressure
versus missile travel. The accuracy of the program will not be
ascertainable until comparisons with actual test results can be perform-
ed.

The predictions may give lower than actual values since the
effects of shock waves in the tube were not considered. Shock waves
could cause pressure variations aft of the missile which may exceed
predicted values. If test results seem to indicate this, a study'
could be undertaken to simulate shock wave effects.

3.1.3 Tube Pressure at Nozzle Exit Plane Versus Missile Travel

3.1.a.1 Purpose

To calculate and plot values, for the pressure inside a launch
tube, due to exhaust gases, at the nozzle exit plane as a function of
missile travel.

3.1.3.12 Inputs

W - Effective Missile Weight (Pounds)

P r - Pci/thrusti

*44.



Pxy - (q e ± 4.7)/Pc
On - Nozzle half angle

tn - Time

T - Thrust

At - Time increment
SF - Plot ordinate scale factor
SFX - Plot abscissa scale factor

3.1.3.3 Outputs

Plot of tube pressure (PSIG) versus missile travel in tube (inches).

3.1.3.4 Description

After program is entered, enter Pxy, Pr, W in Z, Y, X
registers. Press Continue, enter On, SFy, SFx, in Z, Y, X registers.
Press Continue, enter4t in X register. Press Continue, enter Tn, tn,
in Y, X registers. Press Continue, value of (tube pressure, missile
travel) will be plotted,.continue entering values for Tn, tn until
plot is completed.
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3.2 Recoil Prediction

The recoil force predictions are based on the following
considerations: missile shoe frictional forces, gas friction forces
on the walls of the launch tube, gas impingement on the internal
step for a stepped telescoping launcher and gas impingement on the
forward face of the tube at missile exit. These forces all contribute
to a total force aft (recoil) during a missile firing. Any internal
protrusion other than a step would also have to be accounted for in a
recoil estimate.

The launch simulation program described in Section IV can be
'used to obtain the force-time histories of the shoe friction forces
and the time at which the exhaust gas would begin to impinge on the
step or any other internal protrusion whose location is known. For
these times, the nozzle exit stagnation pressure can be determined
and this, multiplied by the exposed area on which it acted would give
the force. The time at which the missile exits the tube, thus giving
exhaust impingement forces on the tube face, can also be found.

A good estimate of the recoil-time history can be obtained by
plotting all the separate force-time histories on graph paper and
summing to obtain the total force-time history. An example of the
result of this process is shown in Figure 3-2 for a stepped telescoping
tube.
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Section IV. LAUNCHER SIMULATION

4.1 Introduction

A computer simulation program has been written which simulates
launcher performance in the pitch plane. The program is capable of
simulating both smooth-bore and stepped telescoping launchers. It
has provisions for utilizing a recoil force-time history as an input
and for studying the effects of thrust misalignment and center of gravity
offset. Figure 4-1 is a representation of a missile and launcher
showing the forces accounted for in the simulation program and the
dimensional data required.

The basic assumption for the simulation model is that the gross
motions of the system are due to the nonrigid support characteristics
of a man. The man has been replaced, therefore, by a spring and a
damper. Four firing positions were chosen as being readily simulated
for various configurations. These positions are depicted in Figure
4-2. In each position a point which appears to have the least
translational motion has been chosen as a virtual trunnion. The
spring and damper are then converted to torsional equivalents about
this point.

Thissimulation model is intended only to provide gross motions.
A representative example of outputs from the program is shown in Figures
473, 4-4, 4-5. Results obtained by the use of this program are predictions
only and have not been verified by test data. No plans have been made
for verification tests at the present time.

4.2 Symbol Definitions

T, T5  Time values associated with the missile thrust-time curve.,

T'I T4 : Thrust values associated with the missile thrust-time curve.

Fc : Coefficient of friction for missile shoe friction forces.

Df : Damping factor for system dashpot.

Fn Natural frequency of vibration of system.

II Moment of inertia of launcher about trunnion.

'Ir :Roll moment of inertia of missile.'

Im :Missile moment of inertia.

it :Total system motion of inertia about trunnion.

U1 - U3  Time values associated with blast force buildup (millisec).
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F6 1  F 6 2  Force values associated with blast force buildup.

At :Integration time increment (sec).

Ra Angular location of thrust misalignment vector from zero
reference (counterclockwise positive).

Rc :Torque necessary to induce spin on the missile.

WI :Weight of missile (lbs).

W2': Weight of launcher (lbs).

EA : Launcher elevation angle.

DI Distance along X-Axis from missile CG to front shoe
(Application of Fl) (inches).

D2 Distance along X-Axis from missile CG to rear shoe
(Application of F2) (inches).

D3  : Missile CG offset along Y-Axis (inches).

D4 : Missile thrust misalignment (inches).

D5  : Distance along Y-Axis from missile centerline to outer
edge of shoe (inches).

D6 Distance along Y-Axis from launcher tube centerline to
trunnion (inches).

D7 Distance along X-Axis from launcher trunnion to
Application of Fl (inches)4

SD8 Distance along X.-Axis from launcher trunnion to
Application of F2 (inches)

DDistance along -Axis from launcher trunnion tol
D9 Distance along X-Axis from launcher trunnion to launcher

CG (inches).

DIO Distance along Y-Axis from launcher trunnion to launcher
CG (inches).

Dll Overall launch tube length for smooth bore launcher concept;
guidance length (inside tube length) for telescoping
launcher concept (inches).

D12 Outer tube length for telescoping launcher concept (inches).
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Figure 4- 1. Launch Simulation Missile and Launcher Model
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4.3 LtAUNCH £IMULF'rTON EQUATIONS
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4.4 Description and Program

This launcher simulation program has been written for the
Hewlett-Packard 9100B with Extended Memory and Card Reader Units.
As such, it is composed of a number of programs which perform specific
calculations. Since the calculations involved were so lengthy the
basic program had to be broken into two different parts.

Part I consists of programs Po, PI, P2 and P3. These are the
input and initialization parts of the program. The input data
controlled by these programs is entered into the machine via marked
Data Cards. After data is input and initial conditions are set,

PartII of the program is entered. Part II consists of programs

P20, P25, P2 6 , P3 0 , P35, P 3 6 , P37, P3 8 , P39, P4 0 , P4 1 , P4 2 , P10, PI1
and P1 2 . These programs perform the integrations cf the equations and

calculate all output data. Program P20 calculates thrust values;

P 2 5 calculates missile roll; P2 6 calculates motions along X-Axis;
P 3 0 calculates friction blast; P3 5 , P36, P 3 7, P38 P3 9 calculate
values for the X1 -X1o, ZI .- Z6 , and El - Eli terms; P4 0 , P4 1 and
P42 Case I programs solve the equations for the Case I conditions,

P40, P41, and P4 2 Case II programs handle the Case II equations and
P40, P4 1 , and P 4 2 Case iII programs handle the Case III equations;
PIO is the plot program; P11 the time increment program and P12 the time
comparison program.

When the Case II conditions are reached the program will halt
execution and the programs for this condition must-be entered. The
same procedure occurs for Case III conditions.

For plots, when entering P1O follow this procedure: (1) Enter
P1 O in 9100 B Memory (2) Press STOP, END (3) Place switch on
PROGRAM mode (4) Press STEP PROGRAM (5) Enter three-digit memory
location of value to be plotted versus time and (6) Enter P 10 in
extended memory. This must be performed each time a different plot
variable is desired.
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Section V. CONCLUSIONS

The programs presented herein can be utilized to obtain an idea
of the stagnation temperatures and pressures that may be imposed
on a launch tube and the surrounding area by a given rocket, the
internal pressure in the launcher at the rc-ket nozzle exit, and the
effects on missile and launcher actions of various dimensional offsets
and misalignmehts and different firing positions. These programs
are intended for use in design efforts and were written for the
Hpwlett-Packard 9100B to enable in-house efforts of this nature to
be more efficiently realized.

It must again be stated that the results of these programs
have not as yet been compared with actual data to determine ac'uracy.
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